This study investigates the behavior and failure modes of fiber-reinforced-polymer (FRP) 5 confined concrete wrapped with different FRP schemes, including fully wrapped, partially 6 wrapped and non-uniformly wrapped concrete cylinders. By using the same amount of FRP, 7 this study proposes a new wrapping scheme that provides a higher compressive strength and 8 strain for FRP-confined concrete, in comparison with conventional fully wrapping schemes. 9
Introduction 22
Fiber Reinforced Polymer (FRP) has been commonly used to strengthen existing reinforced 23 concrete (RC) columns in recent years. In such cases, FRP is a confining material for concrete 24 in which the confinement effect leads to increase in the strength and ductility of columns. In 25 early experimental studies that focused on retrofitting RC columns with FRP, the columns 26 were usually wrapped fully with FRP sheets. This wrapping scheme provides continuous 27 where Ef is the elastic modulus of FRP, t is the nominal thickness of FRP jacket, D is the 67 diameter of the column section, and εfe is the actual rupture strain of FRP in the hoop 68 direction. The model by Lam and Teng (2003) is chosen because it provides a reasonable 69 accuracy with a very simple form. The simplicity of the model by Lam and Teng (2003) is 70 utilized to establish a new and simple strain model, which is presented in the sections below. 71
The strain model proposed by 
where εcc is the ultimate axial strain of confined concrete, εco is the axial strain at the peak 75 stress of unconfined concrete, k = 7.6 is the proportion factor, and ffe is the actual rupture 76 strength of FRP. 77
Partially Wrapped Columns 78
As mentioned above, concrete columns wrapped partially with FRP have been experimentally 79 verified to increase their strength and ductility. Concrete columns partially wrapped with FRP 80 are less efficient in nature than fully wrapped columns as both confined and unconfined zones 81 exist (Fig. 1b ). An approach similar to the one proposed by Sheikh and Uzumeri (1980) is 82 adopted to determine the effective confining pressure on the concrete core. The effective 83 confining pressure is assumed to be exerted effectively on the part of the concrete core where 84 the confining pressure has fully developed due to the arching action as shown in Fig. 1b . The 85 arching effect is assumed to be described by a second-degree parabola with initial slope of 86 45
0 . In such a case, a confinement effective coefficient (ke) is introduced to take the partial 87 wrapping into account as follows: 88
where Ae and Ac are respectively the area of effectively confined concrete core and the cross-90 sectional area, and s is the clear spacing between two FRP bands. Consequently, the 91 compressive strength of concrete columns wrapped partially with FRP could be calculated as: 92
Where ke is estimated based on Eq. 4 and fl ' shown in the following equation is the equivalent 94 confining pressure from the FRP, assumed to be uniformly distributed along the longitudinal 95 axis of the column. 
Experimental Program 100
Design of Experiments 101 group (P). The last part of the specimen notation is a number which indicates the number of 112 FRP layers. Details of the specimens are presented in Table 1 . 113
The partially wrapped specimens contain FRP bands which are 25 mm in width spaced evenly 114 along the height of the specimen. The optimized partially wrapped specimens include two 115 numbers in the notation, for example GP31. The first number indicates the number of 25 mm 116 evenly spaced partial FRP layers and the second number depicts the number of FRP layers in 117 between these evenly spaced partial layers. These specimens were designed such that they 118 follow a non-uniform wrapping configuration but ensure the specimen is fully confined at 119 In order to analyze the confinement effectiveness between different wrapping schemes, the 124 specimens were divided in four groups (as shown in Table 1 ) such that the specimens in each 125 group incorporate the same amount of FRP but in a different wrapping scheme, either fully, 126 partially or optimized non-uniformly wrapped. The specimens in the first group are reference 127 specimens which did not include any internal or external reinforcement. The specimens in the 128 second and third groups were confined by GFRP and CFRP respectively, such that the fully, 129 partially and optimized non-uniform wrapping schemes were equivalent to two layers of full 130 wrapping. Similarly, the wrapping schemes of the specimens in the fourth group were 131 equivalent to three layers of full wrapping. 132
After 28 days, the specimens were wrapped with a number of FRP layers as shown in Table 1 . 133
The adhesive used was a mixture of epoxy resin and hardener at 5:1 ratio. Before the first 134 6 layer of FRP was attached, the adhesive was spread onto the surface of the specimen and 135 CFRP was attached onto the surface with the main fibers oriented in the hoop direction. After 136 the first layer, the adhesive was spread onto the surface of the first layer of FRP and the 137 second layer was continuously bonded. The third layer of FRP was applied in a similar 138 manner, ensuring that 100 mm overlap was maintained. The ends of each wrapped specimen 139
were strengthened with additional one layer of FRP strips 25 mm in width. 140
Instrumentation 141
In order to measure the hoop strains of the FRP jacket, three strain gages with a gage length 142 of 5 mm were attached at the mid height of the specimens and evenly distributed away from 143 the overlap for the fully wrapped specimens. In the partially wrapped specimens, three strain 144 gages were bonded symmetrically on a tie band and other three were bonded on a cover band 145 at midheight of the specimen. 146
Furthermore, a longitudinal compressometer as shown in The compression tests for all the specimens were conducted using the Denison 5000 kN 152 capacity testing machine. The specimens were capped with high strength plaster to ensure full 153 contact between the loading plate and the specimen. Calibration was carried out to ensure that 154 the specimens were placed at the center of the testing machine. Each specimen was first 155 loaded to around 30% of its unconfined capacity to check the alignment. If required, the 156 specimen was unloaded, realigned, and loaded again. The tests were conducted as deflection 157 controlled with a rate of 0.5 mm/min. The readings of the load, LVDT and strain gages were 158 taken using a data logging system and were subsequently saved in a control computer. 159
Experimental Results 160

Preliminary tests 161
The actual compressive strength of unconfined concrete calculated from three reference 162 specimens (R1, R2, and R3) was 54 MPa. The axial strain of unconfined concrete at the 163 maximum load was 0.23 %. In this study two types of CFRP were used to confine the 164 concrete, which both had a unidirectional fiber density of 340 g/m 2 and a nominal thickness of 165 
Failure Modes 178
All specimens were tested until failure. The specimens wrapped fully with FRP (CF2, CF3, 179 and GF2) failed by rupture of FRP at the midheight. The failure surface of the fully wrapped 180 8 specimens was found to be approximately 45 degree inclined, as shown in Fig. 4a . 181
Meanwhile, the partially wrapped specimens (CP40, CP60, and GP40) showed many small 182 cracks on the concrete surface at a stress equal to the unconfined concrete strength, as shown 183
in Fig. 4b . The concrete between the FRP bands, close to the outer surface of the specimen, 184 started crushing while the concrete core was still confined by the FRP. Cracks on the concrete 185 surface developed as the applied load increased, as shown in Fig. 4c . At the very high stress 186 level, the concrete between the FRP bands spalled off while the concrete under the FRP bands 187 and the core were still confined. These specimens then failed explosively by FRP rupture at 188 the midheight (Fig. 4d) . 189
The angle of the failure surface with respect to the horizon for the partially wrapped 190 specimens was significantly different from the fully wrapping specimens. As shown in Fig.  191 in Fig. 4f . It is worth mentioning that intermittent confinement resulted from partial 211 confinement (Specimens GP40, CP40, and CP60) makes the concrete to communicate 212 directly with the surroundings, for instance moisture, heat, and evaporation. 213
Stress-Strain Relation 214
Stress-strain relations of the tested specimens were divided into two main types based on the 215 shape of the stress-strain curves. These included specimens in the ascending branch type and 216 descending branch type. A FRP confined concrete column exhibits the ascending type curve 217 as a significant improvement of the compressive strength and strain of a FRP confined 218 concrete column could be expected. Otherwise, FRP confined concrete with a stress-strain 219 curve of the descending type illustrates a concrete stress at the ultimate strain below the 220 compressive strength of unconfined concrete. Specimens wrapped with glass fiber are 221 designed to behave as the descending branch type while specimens wrapped with carbon fiber 222 belong to the ascending branch type. Details of all tested specimens are summarized in Table  223 3. 224
Stress-strain relations of specimens wrapped by equivalent two GFRP layers were plotted in 225 Fig. 5 . The specimens which were wrapped with an equivalent of two layers of FRP had 226 identical stress-strain curves at the early stages of loading and experienced slight differences 227 at the latter stage of testing. Specimens GF2 and GP40 had the descending branch type stress-228 strain curve while the stress-strain curves of Specimens GP31 kept constant after reaching the 229 unconfined concrete strength and then increased again to failure. The axial stress of 230 Specimens GF2 reached the unconfined concrete strength (54 MPa) and then kept constant 231 until the FRP failed by rupture as shown in Fig. 5a . The average compressive confined 232 concrete strength and strain of Specimens GF2 are 57 MPa and 0.97 %, respectively. 233
Although Specimens GP40 obtained a lower maximum stress (53 MPa) as compared to that of 234 Specimens GF2, they achieved a larger maximum axial strain (1.18%) than the former 235 specimens. The axial strain of Specimens GP40 increased by 21.31 % as compared to that of 236 Specimens GF2 (Fig. 5b) . Meanwhile, Specimens GF31 achieved both a higher maximum 237 axial stress (60 MPa) and axial strain (1.02 %), as compared to Specimen GF2, as shown in 238 Fig. 5c . 239
Apart from the specimens above, the specimens which were wrapped with an equivalent of 240 two layers of FRP, had similar stiffness during the whole loading process, as shown in Fig.  241 6. The maximum axial stress of Specimens CF2 was 99 MPa and its corresponding axial 242 strain was 2.13%. Specimens CP40 reached the maximum axial stress at 95 MPa and the 243 corresponding axial strain at 2.08%. Specimen CP40_1 failed by premature rupture of FRP (εl 244 = 1.18 %) that resulted in very lower maximum axial stress. The average maximum axial 245 stress and axial strain of Specimens CP31 were 98 MPa and 2.12 %, respectively. 246
The specimens that were wrapped with an equivalent of three layers of FRP had similar 247 stress-strain curves but experienced a slight difference in the axial stiffness for the whole 248 loading process as shown in Fig. 7 . Specimens CF3 obtained average maximum axial stress 249 and strain at 122 MPa and 2.84 %, respectively (Fig. 7a) . The partially wrapped Specimens 250 CP60 again had a lower compressive strength but higher axial strain as compared to those of 251 Specimens CF3. As shown in Fig. 7b , Specimens CP60 failed at the average compressive 252 strength of 116 MPa and axial strain of 3.25 %. The axial strain for the specimens CP60 253 increased by 14.33% in comparison with the Specimens CF3. As compared to Specimens 254 CF3, the non-uniformly wrapped Specimens CP42 had both higher compressive strength and 255 axial strain. Fig. 7d shows that Specimens CP42 failed at the average compressive strength of 256 128 MPa and strain of 3.16 %. As a result, the compressive strength and axial strain of these 257 specimens respectively increased by 5.29 % and 11.16 % as compared to Specimens CF3. In 258 order to compare the effectiveness of different wrapping schemes, the stress-strain curves of 259 five specimens are plotted in Fig. 7e . In reference to this figure, it can be seen that the 260 partially wrapped Specimens CP60 experienced a lower maximum stress and a higher 261 maximum strain, as compared to Specimens CF3. On the hand, the non-uniformly wrapped 262 specimens CP42 experienced both a higher maximum strain and stress in comparison with 263 Specimens CF3. These findings have also been confirmed by specimens in Group GF2, as 264 shown in Fig. 5d . 265
Analysis and Discussions 266
Lateral Strain 267
The lateral strain of all the specimens are obtained by taking the average of readings from 268 three strain gages evenly placed along the FRP at locations away from the overlap. For each 269 specimen, the actual rupture strain of FRP is presented in Table 3 . In order to investigate the 270 effectiveness of the fiber, the strain efficiency factor kε is adopted, which is the ratio of the 271 actual rupture strain of FRP in confined specimens and the rupture strain of the FRP obtained 272 from the tensile coupon testing. As can be seen from Table 3 , the strain efficiency factors of 273 fully wrapped specimens are approximately 0.83 and 0.87 for glass fiber and carbon fiber, 274 respectively. For glass fiber, the strain efficiency factor of partially wrapped specimens was 275 0.77 and the corresponding number for non-uniformly wrapped specimens was 0.91. 276
Meanwhile, the strain efficiency factor of specimens partially wrapped with CFRP was 0.80 277 and the corresponding number for non-uniformly wrapped specimens was 0.91. The 278 experimental results have shown that the effectiveness of the fiber reduces in the partial 279 wrapping scheme, but increases in the non-uniformly wrapping scheme. 280
There is a consensus that the presence of the triaxial stress state in FRP affects the actual 281 rupture strain of the fiber (Chen et al. 2013) . In this experimental program, it is obvious that 282 the axial stress of the FRP jackets in the fully wrapped specimens is higher than that of the 283 non-uniformly wrapped specimens. The discontinuity of the jacket in the non-uniformly 284 wrapped specimens reduces the axial stress of the FRP jacket, which could be a reason for the 285 increase in the strain efficiency factor in these specimens. Thus, the non-uniformly wrapped 286 specimens had a higher value of kε, resulting in a higher confined strength and strain. In other 287 words, the discontinuity of the jackets of the partially wrapped specimens did not increase the 288 strain efficiency factor. The partially wrapped specimens experienced a different failure mode 289 as compared with the other wrapping schemes. This different failure mode in partially 290 wrapped specimens may be the reason behind the slight decrease in the strain efficiency factor 291 for these specimens. 292
In addition, the lateral strain of the non-uniformly wrapped specimens at both the tie bands 293 and cover bands of the FRP is investigated. For example, the lateral strain -axial stress of 294 Specimen CP40_3 (Fig. 8) , illustrates that the lateral strain of FRP in a cover band is slightly 295 higher than that of a tie band at any axial stress state. However, there was no difference in the 296 lateral strain in other specimens. 297
Analytical Verification 298 13
In order to predict the compressive strength of the tested specimens, the procedure in the 299 section Confinement Mechanism is used. It is noted that the actual lateral strain of each 300 specimen was used in these calculations. The maximum axial strain of the tested specimens is 301 predicted based on the study by , in which the relationship between the 302 energies absorbed by the whole column and the FRP was taken into account. Pham and Hadi 303 (2013) assumed that the additional energy in the column core equals the area under the 304 experimental stress-strain curves starting from the value of unconfined concrete strain: 305
where Ucc is the volumetric strain energy of confined concrete, fc is the stress of confined 307 concrete, and dεc is an increment of the axial strain. 308
However, the concrete in the partially wrapped columns is confined in the effective area as 309 shown in Fig. 1 . To determine the volumetric strain energy of confined concrete for the whole 310 columns, the value of the confined concrete strength needs to be modified by the confinement 311 effective coefficient (ke), which leads to the following equation: 312
Similarly, the energy absorbed by FRP could be calculated as follows: 314
where Wf is the strain energy of FRP, and ρf is the volumetric ratio of FRP as shown in Eq. 
